Abstract Cobalt ferrite (CoFe 2 O 4 ) particles were synthesized by sol-gel method using metal nitrates, citric acid (CA) and polyvinyl alcohol (PVA). X-ray diffraction (XRD), high resolution scanning electron microscopy (HR-SEM), thermogravimetry/differential scanning calorimetry analysis and vibrating sample magnetometer were used to study the structural, thermal and magnetic properties of the CoFe 2 O 4 powder. XRD results indicate that the resultant particles have crystalline, pure single phase spinel structure. From HR-SEM images, a systematic decrease in particle size is observed with an increase in PVA concentration, along with addition of CA. CA at various concentrations of PVA significantly enhance the magnetic properties of the materials.
Introduction
Spinel ferrites have been extensively studied because of their wide range of applications in microwave devices, radar, digital recording, ferro-fluids, catalysis and magnetic refrigeration systems [1] [2] [3] . As an important spinel ferrite, cobalt ferrite has attracted considerable attention owing to its unique physical properties such as large magneto crystalline anisotropy, high coercivity, good mechanical hardness and chemical stability [4] . Various methods have been reported for preparation of spinel ferrites, such as micro emulsion [5] , electrochemical [6] , sol-gel [7] , co-precipitation [8] , aerosol [9] , ball-milling [10] , ceramic method by firing [10] , polyol [11] and laser ablation [12] . Although most of these methods achieved cobalt ferrites of required sizes and microstructures, their mass productions involved complicated procedures, high reaction temperatures, long reaction times; and, they were not cost effective. Furthermore, the toxic reagents and end-products harm the environment. In this work, cobalt ferrites are synthesized by the sol-gel method followed by a heat treatment at 640°C. The sol-gel method has advantages like mixing of multiple components at an atomic level at low temperatures. This results in homogenous precursors and leaves no by-product effluents. This process is economical, environment friendly and provides high purity ceramic powder.
Turtelli et al. [13] , synthesized nanocrystalline cobalt ferrite particles using a modified citrate gel method wherein CA was the only gelling agent. Randhawa et al. [14] , synthesized spinel ferrites with higher values of saturation magnetization from thermolysis of metal ferricitrate precursors than ferrites derived from ferrimalonate precursors. They designated the former as novel materials to operate at high frequencies. Gharagozlou [15] reported the synthesis of CoFe 2 O 4 particles in which the polyester formed from CA and ethylene glycol served as polymeric precursor. Here the influence of calcination temperature on structure, morphology and magnetic properties of the resultant products was studied. Polymers were also used in the synthetic process as surfactant additives and capping agents. For instance, reports from Chen and Gao highlight the use of poly(ethylene glycol) as a surfactant additive in the synthesis of CoFe 2 O 4 nanoparticles [16] . We reported the synthesis of cobalt ferrites using PVA as a surfactant [17] . Enhancing magnetic characteristics of the final ferrite powder by crosslinking the surfactant polymer using CA has not been reported. Preparing CoFe 2 O 4 particles with enhanced magnetic characteristics suitable for high density recording still remains a challenge.
In the present investigation, cobalt ferrite particles are synthesized with metal nitrates, CA and PVA. CA serves as a crosslinker and chelating agent for the reduction of the particle size. The structure, morphology and magnetic properties of resultant CoFe 2 O 4 powder are examined at various PVA concentrations; namely, 3, 6, 9 and 15 wt%. These results are compared to CoFe 2 O 4 powder synthesized by a similar procedure at the same PVA concentrations without CA. This work deals with how the inclusion of CA in the sol-gel precursors affects size and magnetic properties of the resultant CoFe 2 O 4 powder. The effect of various PVA concentrations with CA is also studied. The observation of structure, morphology and magnetic property of the final products provides information about the influence of various chemical compositions. Reasons for the changes in physical properties of the final products are presented. Understanding the functions of CA as a crosslinking and chelating agent for polymers will be useful in tailoring the properties of the ceramic powder for specific applications.
Experimental
AR grade Fe (NO 3 ) 3 Á9H 2 O, Co (NO 3 ) 2 Á6H 2 O, CA in the molar ratio of 2:1:1 and PVA (M w = 14,000) were used. The above chemicals were purchased from Central Drug House (P) Ltd, New Delhi. Aqueous solution of CA and PVA (3 wt% concentration) was mixed with the solution of ferric nitrate and cobalt nitrate. The resultant mixture was stirred continuously to get a clear solution. This solution was heated to 90°C and subsequent stirring led to gel formation. The gel was kept in a hot air oven for 2 days at 120°C to evaporate the remaining water. TG and DSC analyses were done on the acquired solid using a thermal analyzer (NETZSCH STA-409 C/CD) in static air. The FT-IR spectrum (500-4,000 cm -1 ) was recorded on a spectrophotometer (PerkinElmer Spectrum One 90) as KBr pellets.
The procedure was repeated for the same molar ratio of ferric nitrate, cobalt nitrate and CA, at various PVA concentrations; namely, 6, 9 and 15 wt%. Thereafter, all the samples were calcinated at 640°C for 2 h and crushed to form a fine powder. The above mentioned samples synthesized with 3, 6, 9, and 15 wt% of PVA concentrations were labeled A, B, C and D, respectively. XRD, HRSEM and VSM characterizations were discussed in our previous report [17] .
Results and Discussion

Thermal Decomposition of the Gel
TG/DSC curves of the CA-PVA gel are shown in Fig. 1 . The first endothermic event in the DSC occurs at 120°C (temperature range of 65-170°C) and is accompanied by a mass loss of 32.3 % (TGA). This is due to the loss of water contained in the gel. On heating further, nitrates are liberated from 170 to 224°C. The endothermic curve from 348 to 374°C, with the peak at 368°C, is due to the decomposition of citrate esters on the PVA main chain. This curve indicates the formation of CA esters from the hydroxyl groups of the PVA chain. This is absent in the TG/DSC curve of the PVA gel without CA [17] . In addition, the endotherm representing the degradation of the PVA main chain occurs at a higher temperature for CA-PVA gel relative to the PVA gel [17] . An endotherm occurs 
FTIR Spectra
Information about the chemical changes during the reaction can be obtained from IR analysis. Fig. 2 shows the FT-IR spectrum of CA-PVA gel recorded from 500 to 4,000 cm -1 . Characteristic bands are observed at 3,391, 1,601, 1,392, 1,256, 853, and 643 cm -1 . The peak at 3,391 cm -1 is attributed to the OH stretching of CA. Two bands at 1,601 cm -1 and 1,392 cm -1 are due to asymmetric t as (COO) and symmetric t s (COO) stretching of the COO groups, respectively. These vibrational bands confirm coordination of metal ions by the carboxylate groups to form a chelated complex [15] . The peaks at 1,256 and 853 cm -1 are attributed to the asymmetric NO 3 -1 stretching and bending vibrations, respectively. This result supports the existence of NO 3 -1 group in the citrate gel. The band at 643 cm -1 is due to (M-O) stretching, which is a characteristic feature of cobalt ferrites.
X-ray Diffraction Studies
All the XRD patterns ( Fig. 3a-d [17] . In addition, the XRD diffraction peak intensities of all the samples are higher relative to the samples synthesized without CA. The diffraction peaks are also broadened, signifying the formation of finer particles of CoFe 2 O 4 in the presence of CA. This shows that CA enhances the crystallization process of the cobalt ferrite cubic spinel lattice. It is also observed from FTIR that CA acts as a chelating agent and forms metal citrate complexes from metal nitrates. These findings are attributed to the slow migration of bulkier metal citrates during calcination to form cobalt ferrite particles, unlike the fast migration of lighter cobalt/ferric ions in the PVA gel. The slow migration of cobalt/ferric citrates provides ample time for the ions to occupy exact positions in the crystal lattice, leading to more peaks (vide infra). The absence of impurity peaks in Fig. 3a-d indicates the phase purity of the samples.
Morphology of CoFe 2 O 4 Ferrites
The HR-SEM images (Fig. 4a-d) show the size, shape and agglomeration of CoFe 2 O 4 samples synthesized with various PVA concentrations. With the increase of PVA concentration from 3 to 15 wt%, the particle sizes are reduced significantly. This is confirmed by the respective histograms. The bars representing the particle counts are shifted toward smaller crystallite sizes with the increase of PVA concentration. The HR-SEM image of the CoFe 2 O 4 powder for 3 wt% PVA in the absence of CA has large particles as a result of agglomeration of the spherical particles; i.e., sizes to 1 lm [17] . When CA is included in the sol-gel process with the same PVA concentration, the particle sizes are considerably reduced and (50 nm, Fig. 4a ). This is probably because of the presence of ester groups in the CA-PVA gel. The particle size reduction may be explained in the following manner. The carboxylic acid groups of CA condense with the hydroxyl groups of PVA. Esters form along the stretch of the polymer chain and crosslink two polymer chains (Fig. 5) [18] . These ester groups, because of their high polarity, cause a shrinking of the polymer chain and the cavity size of the polymer is reduced. Reduction of the cavity size leads to accommodation of a few metal citrate complexes. Moreover, these metal citrate complexes are bulkier relative to metal nitrates. During the calcination process, the metal citrate complexes slowly form CoFe 2 O 4 particles after burning of polymeric network. This leads to an efficient disagglomeration and reduced particle sizes (Fig. 4a) . As the polymer concentration increases, the cavities increase in number, which leads to a wider distribution of cobalt/iron citrates. This leads to an additional decrease in particle size as the PVA concentration increases from 3 to 15 wt%.
Dual Role of Citric Acid
To summarize, CA reduces the kinetics of formation of cobalt ferrites by acting as a crosslinking and chelating agent. As a chelating agent, CA forms metal citrate complexes as seen from the FTIR analysis. The bulkier metal citrate complexes move slowly to form CoFe 2 O 4 particles. Furthermore, CA forms esters with the hydroxyl groups of PVA. These esters crosslink the polymer chains and, therefore, reduce the size of the cavity [18] . The smaller cavities accommodate only a few metal citrate complexes. Both these roles for CA prevent particle agglomeration and result in the formation of dispersive CoFe 2 O 4 particles. The effective reduction of particle sizes is shown in Fig. 4a . 
Magnetic Properties
The magnetic hysteresis loops for the CoFe 2 O 4 powder that is synthesized with various PVA concentrations are measured at room temperature (Fig. 6) . The magnetic properties are listed in Table 1 and indicate the presence of an ordered magnetic structure for the spinel system.
The magnetic coercivity (H c ) of any material is defined as the intensity of the reverse magnetic field required to reduce the magnetization of that material from complete saturation to zero. H c depends on several factors such as magneto crystalline anisotropy, shape anisotropy, defects, strain, size, doping, surface and interface [19] . When CA is added, the coercivity (H c ) values improve ( Table 1 ). The dispersive action of citric acid produces a homogeneous distribution of smaller grains responsible for higher coercivity. The reason for higher coercivity in smaller nanoparticles relates to a surface effect. The fraction of the surface atoms with broken symmetry is much larger in smaller nanoparticles. The resultant increase in surface anisotropy leads to increasing magnetic anisotropy and, consequently, magnetic coercivity [20] . An increase in coercivity with a decrease in particle size is also attributed to a change from multi-domain to single-domain characteristics [21] . It has been reported that CoFe 2 O 4 becomes a single magnetic domain when the particle size of CoFe 2 O 4 is less than 70 nm [22] . In the present investigation, inclusion of CA has produced a larger number of smaller particles of size less than 70 nm which causes an increasing number of single magnetic domains. Consequently this has resulted in enhanced coercivity of the samples synthesized with CA.
In the normal spinel structure of CoFe 2 O 4 , Co is a divalent atom occupying tetrahedral A sites, whereas Fe is a trivalent atom sitting on octahedral B sites. When the A sites are populated with Fe 3? ions and the B sites are equally populated by Co 2? and Fe 3? ions, a spinel structure is known as an inverse type [22] . Franco and Zapf have reported that the presence of cobalt ions in the tetrahedral sub-lattice sites strongly reduced coercivity [23] . In bulk cobalt ferrites, coercivity is high (*430 kA/m), wherein cobalt ions occupy the octahedral sub-lattice. Our results for increased coercivity may be due to the migration of cobalt ions to octahedral sub-lattice.
Cation distribution is usually expressed as a degree of inversion (c), defined as the fraction of divalent ions in octahedral sites [24] . The migration of cobalt ions to octahedral sub-lattice increases c. In this study, CA may have increased c in all the samples. Furthermore, among all the samples synthesized with CA, sample C has relatively less coercivity (76.5 kA/m). This may be due to a merger of adjacent domains, which originates from simple movement of the domain walls [25] .
Saturation magnetization (M s ) is defined as the maximum possible magnetization of a material. M s in spinel ferrites is intrinsically connected with cation occupancy of interstitial sites and spin arrangement [24] . The octahedral site in the spinel structure has six nearest tetrahedral sites that are occupied by six Fe ions in full inverse spinel and by 6, 5, 4, or 3 Fe ions in a partially inverse structure [26] . ions from octahedral to tetrahedral sites and vice versa takes place. The significant change in M s values may be due to the inconsistency in (c) caused by the PVA gel. On the contrary, in the samples synthesized from CA-PVA gel such drastic variations in M s are minimized. Addition of CA has contributed to the consistency in M s values probably by maintaining the same degree of inversion (c). Both the chelating and crosslinking effects of CA lead to an orderly distribution of magnetic cations, and increased the saturation magnetization values. The Squareness ratio is defined as the ratio of remanent magnetization (M r ) to M s . Squareness ratios of all the samples are in the range of 0.2-0.3. Low values of squareness ratio may be due to the presence of grains of size greater than 70 nm, interactions among grains and thermal fluctuations. Such low values may also occur due to uniaxial anisotropy caused by internal strains [26, 27] . CoFe 2 O 4 powder with enhanced magnetic characteristics is required for high density recording media such as audio, video tape and in data storage [22] . The substantial increase in coercivity and consistent magnetic saturation emphasize the crucial influence of CA on the polymer and growth of ferrite particles. The new method described here represents a significant progress in the function of the polymer when crosslinked with CA.
Conclusions
Single-phase spinel-structure CoFe 2 O 4 particles were successfully synthesized by the sol-gel method. An increase in PVA concentration in the CA-PVA gel decreases the agglomeration tendency. The magnetic properties of finely dispersed particles were studied. A particular focus was given to the role of CA that influenced the crystal structure and size of the particles obtained. CA acts as a crosslinker by esterifying PVA and reduces the polymer cavity size. CA also acts as a chelating agent to form stable metal citrate complexes, thereby reducing the rate of formation of CoFe 2 O 4 particles. Both these processes reduce the particle size and favor good crystallization by adding (222) and (422) planes of cubic spinel structure. The dual role of CA has also improved magnetic ordering, which results in high and consistent saturation magnetization. The different thermal route followed using CA has increased the coercivity of all the samples.
